Introduction
Evolutionary and developmental pressures, such as outpacing pursuants, pumping essential fluids, or resisting mechanical stress, all physically select for beneficial changes in expressed genes. These examples involve forces of contact that must be sustained within a tissue by an ensemble of molecules that can also transduce -directly or indirectly -signals to the tissue-integrated cells. Since the beginnings of cell biology, various micro-manipulation tools have been developed to push or pull on cells and determine effective responses in terms of elastic, viscous, and yield parameters [1] , although often without much molecular insight. Brownian and non-Brownian motions of particles within cells have also been tracked to distinguish passive, thermally-scalable properties of cells from active, energydriven characteristics [2] . The latter responses often involve signaling and exhibit molecular specificity: when adhesions between a cell and the extracellular matrix (ECM) are stretched by an external force, for example, select proteins are post-translationally modified and actively enriched at the site of applied force [3] . When cells test the mechanics of their microenvironment through adhesive engagement and ATP-driven contraction of actin-myosin 'stress' fibers [4] , gene expression can change over hours to days, with recent examples including matrix-elasticity-directed lineage specification of stem cells [5] (Figure 1 ) and malignant transformations of breast epithelial cells on stiff substrates [6] . Regardless of process, however, the underlying molecular mechanics need to be clarified.
A number of signaling pathways have been described that transduce mechanical signals into biochemical responses, which could then lead to complex cell behaviors [7, 8] .
Interactions within or between molecules that are directly modulated by force or by some other mechanical property of the microenvironment are likely to be critical in any putative mechanosensory circuit. Force-induced conformational changes have been thought to be important, but it is only relatively recently that such processes have been observed in vitro. Now there is also growing experimental evidence that force-induced conformational changes indeed occur within matrix and cells [9] .
Of the various mechanisms that have been proposed for mechanosensation [7, 8, 10, 11] , here we focus on tensioninduced changes in protein structure ( Figure 2A ). Forced unfolding can be localized to a part of a domain or loop, or it can involve complete domains; force can also re-orient domains or straighten unstructured regions, such as hinges between domains. We review the experimental methods that have been used to probe transitions and also review how these observations fit into a cellular context. From outside to inside a cell, we first consider the ECM, which defines a mechanical substrate for cells ( Figure 2B ) and which interacts with cell-surface receptors, such as integrins, to couple the matrix to the cell cytoskeleton ( Figure 2C ). We then focus on the cytoskeleton itself, including the contractile myosin components with which a cell exerts pulling forces and probes its surroundings ( Figure 2D ). More physical tools and biochemical insights are certainly needed, but it seems fair to claim that 'molecular mechanobiology' is not just emerging but is perhaps burgeoning.
Proteins Unfold Under Force
Most proteins fold and fluctuate around an average threedimensional structure that can be influenced by cell signaling processes [12] . Unfolding through changes in temperature or solvent, with denaturants such as urea or guanidine hydrochloride, has taught us much about the determinants of protein structure. However, normal body temperatures tend to remain within tight limits in mammals and birds (especially in terms of the absolute temperature in Kelvin, K), and denaturants are not especially physiological. On the other hand, mechanical stresses are unavoidable in locomotion, flowing biofluids, and even just sitting in the Earth's gravitational field. Forced unfolding of single proteins was first shown about a decade ago [13, 14] . A 'grip and break' approach is perhaps the most intuitive way to think about disrupting any structure, but force is a vector (with magnitude and direction) that is difficult to apply to proteins tumbling in solution. Immobilization is required, as occurs with structural proteins within a cell or matrix, and there is also a need for nanoscale techniques to apply a force and monitor the effects of force at the molecular level.
The most commonly used tools today for single-molecule force spectroscopy are atomic force microscopy (AFM; Figure 3A ) and optical tweezers (as reviewed elsewhere [15] ). Based on forced unfolding measurements of many proteins, forces (f) in the range of 10 to 200 pN will unfold most proteins within a second or less. At lower forces, transitions occur more slowly [16, 17] , which one can understand from the simplest possible expression, widely attributed to Bell [16] , for the rate k of reaction that is accelerated by force above a basal rate k o :
The distance d is specific to a protein transition, and k B T ( = 4 pN nm) is the standard Boltzmann constant multiplied by absolute temperature (w300 K in many biological systems). The exponential factor (i.e. Boltzmann factor) shifts and sculpts the free energy landscape, which has the form of a folding funnel ( Figure 3B ). Because cells are filled with myosin motors that each typically generates forces of around 1-10 pN in 1-10 nm steps, unfolding reactions are expected to be accelerated and, therefore, more prominent within active cells.
With full unfolding of a typical repetitive domain within a multidomain structural protein, extensions of 5-10-fold correspond to distensions of 20-40 nm, which is large compared with the dimensions of most other cytosolic proteins. Although extension can serve as a strain-release mechanism that allows some biological scaffolds to distend without dissociating, for a growing list of proteins unfolding seems to have additional functional consequences, such as exposure of previously hidden assembly or binding sites. TUBB4  TUBB1  NCAM1  INA  TUBB3  MAPT  TTBK1  GFRA1  STAT3  NGF  FAS  NRG1  BDNF  CD40  NEFL   MYOG  PAX7  MEF2C  MEOX2  CDH15  NRAP  TTN  MEF2B  MYF6  PAX3  GRB2  MEF2A  MYF5  MYOD1  GDF8  DES   BGLAP  SMAD1  SMAD6  SMAD7  SMAD5  TWIST2  CBFA1  BMP3  BMP5  TWIST1  BMP1  BMP4  SMAD2  VDR Figure 2B ). Assembly depends on tension, whether it is produced by cells [18] or is applied externally [19, 20] , and this has led to the suggestion that cryptic self-assembly sites in fibronectin are exposed by cell contractility [18] . The hypothesis that this exposure is due to force-induced unfolding was plausible, given that fibronectin unfolding under tension had already been predicted theoretically [21] . This early prediction was shortly followed up by molecular dynamics simulations [22, 23] and single-molecule experiments on fibronectin domains from the related ECM protein tenascin [24] . These force spectroscopy experiments also showed that the domains could refold in seconds after the removal of force. Further evidence for some type of conformational change in the matrix under tension was provided by Fö rster resonance energy transfer (FRET) changes between fluorescent dyes attached to Cys and Lys residues in fibronectin [25, 26] . Although such Cys labeling tends to block disulfide formation that is essential for matrix crosslinking within the oxidative extracellular space, the FRET results are quantitative and compelling.
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The results for fibronectin suggest that unfolding is activated by cell tension in the ECM, contributing to assembly, but fibronectin interacts with many other proteins, including the ECM components fibrin and collagen [27] , as well as cellsurface integrins [28] . Fibronectin's multi-modular structure might, therefore, have evolved to serve as a multi-purpose mechanosensor in the ECM [29] , with different binding events controlled by distinct mechanical stabilities of the different domains: at low forces, sites involved in fibril assembly of fibronectin could be exposed; while later, if the fibrils are put under higher tension, new binding sites could be exposed when the more stable domains are unfolded, as suggested already by single-molecule experiments [30] . A current challenge is to elaborate these mechanically propagating interactions.
Fibrin, fibronectin, and collagens (types 1 and 3) are linked physically through binding -perhaps with tension dependent mechanisms -and they are linked functionally during wound healing. An initial fibrin clot is replaced by ECM components that include fibronectin and then more permanent (and stiffer [31] ) crosslinked collagen [32] . Fibrinogen binds several proteins in addition to fibronectin, and some of these interactions might also be regulated by force. The coiled-coil domains of fibrinogen have already been shown to unfold under force [33, 34] . More recent studies of fibrin gel stretching further indicate that, at small strains (<50%), a volumetric phase transition occurs with a large negative compressibility that represents loss of water and association of unfolded protein, and then a reversible order-disorder transition occurs as seen in small angle X-ray scattering [35] . Despite such macroscopic evidence of coiled-coil unfolding, it is not yet clear that binding sites found in the globular end domains of fibrinogen undergo changes in conformational exposure under force. Mechanically labile coiled coils might protect the globular domains from unfolding and thus play the opposite role of unfolding in fibronectin. Another possibility is that force regulates the conformation of the carboxy-terminal end of the g-chain in fibrinogen, a natively unstructured region that contains an AGDV aminoacid sequence involved in platelet adhesion [36, 37] .
Collagen, like fibronectin, has a cryptic cell-binding site that can be exposed by enzymatic degradation. Exposure of this site has been shown to influence angiogenesis [38] and to play a role during enzyme-mediated matrix degradation, but it is not known whether this site can also be exposed by force. Although the tightly aligned nature of the collagen triple helix makes unfolding seem less likely, simulations have shown a variety of failure modes at high forces [39] . This could be relevant after traumatic injury, even if not under normal circumstances from cell-generated tension, but an active role of cells in any aspect of ECM remodeling should not be underestimated. Growth factors -so essential in development and differentiation -provide a valuable lesson in that many have long been known to bind to the ECM, but more recent experiments have now shown also that release of at least transforming growth factor-b (TGF-b) is directly modulated by the elasticity of the matrix and by tension generated by cells [40] .
Force Modulates Cell-Matrix Interactions
Cells have evolved many ways of modulating their physical interaction with each other and with the surrounding ECM. Most cells possess integrin receptors that bind to specific ECM peptides and mediate stable adhesion [28] . Forced unfolding with exposure (or protection) of these sequences is not the only way for mechanics to influence cell behavior; integrins and perhaps other focal adhesion proteins are also sensitive to force through changes in protein structure ( Figure 2C ). Methods for interrogating forces from single adhesions on living cells [41] continue to be developed [42] and should provide more insight into the mechanics of adhesion that accompany these conformational changes [43] . With integrins, a conformational change from a more compact to a more extended conformation is thought to strengthen binding to ECM [44, 45] . Force sensitivity is suggested by recent work with fluid shear forces imposed on adherent cells [46] . With increasing stress, the average bond force per integrin increases, but this increase depended on exposure of a synergy site in fibronectin. This scenario is consistent with the formation of 'catch-bonds', which exhibit an increased binding strength when put under mechanical load. This behavior has been directly observed at the single-molecule level in other proteins [47] [48] [49] , and similarly well-controlled single-molecule experiments with integrins are anticipated.
In addition to regulating adhesion strength, integrin clustering acts as a signal involved in the formation of focal adhesions, which are currently estimated to contain around 160 component proteins [50] . When cells are stretched with a glass microneedle, they respond by locally recruiting focal adhesion proteins to shore up their attachment to substrate [3] . In this sense, focal adhesions are mechanosensitive complexes; however, changes in focal adhesion size and even the recruitment of specific proteins or the activation of particular kinases do not by themselves explain how mechanical cues are sensed, as it is not yet clear how these processes could be modulated by force. Protein unfolding is one possibility.
Vinculin is one of the proteins recruited to focal adhesions when cells are stretched [51, 52] and talin, another focal adhesion component, is known to have a cryptic vinculinbinding site [53] . Thus, a possible mechanism for the forcedependent recruitment of vinculin to focal adhesions is the exposure of this site under force. Molecular dynamics simulations explored how this exposure could occur [54] and the hypothesis has recently gained experimental support with the finding that the rod domain of talin can be unfolded under moderate forces of around 10-100 pN in single-molecule experiments [55] . Importantly, single-molecule fluorescence analyses during magnetic trapping and extension of proteins reveals that vinculin is more likely to bind the talin rod domain when the rod domain is under tension. The number of binding events increased in constructs with tandem talin rod domains, while the low number of binding events to a-actinin was independent of the force, helping to rule out some possible experimental artifacts. These results are suggestive, but there are still several critical questions that remain unanswered. For example, what is the nature of the talin-vinculin binding? Simulations have provided insight [56] , but experiments are lacking; rod domains with mutations in the binding sequence could help address whether the force-activated binding is similar to that observed in a talin construct that has been mutated to adopt the active conformation [57] . Figure 3 . Nano-manipulation tools for protein folding and funnels.
(A) In studies using AFM or optical tweezers, proteins can be extended and unfolded by force using a probe (shown in yellow; adapted from [33] ).
(B) The energy of an extended protein conformation is typically higher than the folded native state and this is often conceptualized as an energy landscape in the form of a folding funnel where chain entropy dominates, with the many unfolded states and energetic interactions pulling the protein into one or a few well-defined structures. With force, the energy of more extended conformations is decreased, thereby accelerating unfolding.
with new methods for the in situ labeling of exposed protein sites [9] , as discussed in more detail below. Given the complexity of the network of interactions in focal adhesions, it would be surprising if this were the only process regulated directly by force. The hypothesis that there are other critical binding interactions that are directly regulated by force, possibly through unfolding to expose cryptic sites, is made more attractive by studying the type of network motifs that are found in the 'adhesome' -the set of proteins comprising the focal adhesion complex. One common network motif that appears 181 times by itself, and is also frequently embedded in larger motifs, consists of two enzymes that bind to the same scaffold protein [50] . Any time such a scaffold protein is incorporated structurally into a focal adhesion where it experiences an applied force, it could play a mechanosensitive role in which the affinity of one or both of its binding partners is altered when it completely or partially unfolds. Recent evidence suggests that this situation occurs for the mechanical activation of p130Cas [58] . An important future task, perhaps best suited to higher throughput efforts, will be to determine which of the many candidate interactions in the adhesome are indeed directly modified by force. Interaction forces or 'strengths' will not provide immediate answers, however, because entropy dictates that more frequent structures or pathways will tend to be affected more often than the unitary Boltzmann factor of equation 1 would predict. In other words, a more appropriate weight or probability P in comparing processes a and b that respectively exist N a or N b times is:
where f is the force applied to the protein a distance d along the reaction coordinate. Analogies to the width of a protein folding funnel ( Figure 3B ), which represents the number of chain conformations, could perhaps be usefully formalized to multi-domain proteins in multi-protein network modules.
The Cytoskeleton Responds to and Actively Applies Force 'Integrin' can be considered to be a linguistic contraction for tissue 'integration' in that these membrane proteins in focal adhesions provide a continuous, physical (if kinetic) and conformationally dynamic link between the external ECM and the internal actin cytoskeleton. The latter not only supports and stabilizes the cell and helps determine its shape, but also contains at least a few proteins that clearly respond to force and are likely to be involved in mechanosensation ( Figure 2D ). The cytoskeleton also possesses a unique feature not present in the ECM or most focal adhesion components: it contains active assemblies that consume energy and are therefore capable of doing mechanical work [59] . This means that the cytoskeleton not only responds to force but also applies force to its surroundings [60] . This closes the mechanical loop described above and allows a cell to alter its surroundings by the forced remodeling of proteins like fibronectin and also to probe the mechanics of its substrate [4] . One of the central components of the cytoskeleton is actin. Monomeric actin polymerizes to form filaments that are an important structural component of cells. For example, gels made from purified filamentous actin and actin crosslinkers recapitulate aspects of cellular mechanics [61] . Actin polymerization consumes ATP and, because it is directional, it can apply forces to the cell periphery that drive cell motility [62] . In order to control cell morphology and to help regulate these complex actin dynamics, a host of actin-binding proteins regulate its assembly and interact with other pathways [63] . An interesting example that has received significant attention is filamin.
Filamin consists of a tandem array of Ig-like domains with an actin-binding domain on one end and a homodimerization domain on the other. When mixed with filamentous actin, filamin forms cross-links between filaments and readily promotes gelation [64] . Actin-filamin gels are more resilient and stiffer than actin gels alone or gels formed with other actin-binding proteins [65, 66] , suggesting that one important role for filamin is the regulation of the mechanical properties of the actin cytoskeleton. Indeed, several studies have found that filamin impacts cell mechanics [67] [68] [69] and filamin A expression has been shown to be required for active cell stiffening in response to substrate mechanics, but not for passive stiffening in response to an external force [70] . For Dictyostelium discoideum filamin (ddFLN), regulation of actin-cytoskeletal mechanics seems to be its main function, as it is only known to bind to one other protein in addition to actin [71] . In contrast to ddFLN, human filamin has a more elaborate structure, including hinge regions with important mechanical consequences and 24 instead of 4 Ig-like repeats. More than 20 binding partners have been identified for human filamin [72, 73] , including proteins with a role in signaling. Particularly relevant here, filamin has also been shown to compete with talin in binding to the cytoplasmic domain of integrin [74] . Thus, there is a direct link between filamin and proteins known to be critical for mechanosensation. Given this connection with focal adhesions and the cytoskeleton as well as filamin's structural similarity via its Ig domains to proteins like fibronectin, it is natural to ask how filamin behaves under force and whether this behavior has functional consequences.
The mechanics of filamin have been measured at the single-molecule level using AFM, and the Ig domains were found to unfold in an abrupt all-or-nothing manner at forces of around 100 pN [75] , consistent with molecular dynamics simulations [76] . An important finding from work on ddFLN is that the force required to break the dimerization interaction is larger than the force required for unfolding [77] , suggesting that filamin could unfold in vivo. However, these earlier AFM experiments could not address the strength of the filaminactin interaction under load and, therefore, could not rule out the possibility that this interaction is the weakest link.
More recently, the mechanics of filamin have been measured in an elegant native-like system in which single filamin molecules are connected at one end to a fixed actin filament and at the other to a filament that is connected to a bead [78] . When the bead is trapped using optical tweezers and the sample stage is moved, the force required either to break the filamin-actin bond or to unfold one or more of the domains of filamin can be measured. One reason that this experiment is significant is that it gets directly at the issue of competition between alternative stress-release mechanisms. In this geometry, at the rates studied, filamin was found to unbind most of the time, but unfolding was also observed. The similarity in the force required for unfolding and unbinding could have functional consequences in regulating cytoskeletal remodeling under force and highlights the importance of thinking about timing, rates, and kinetics. Furthermore, it is not known whether any of the proteins that bind the filamin repeats affect the stability of these regions or, conversely, whether applied stress can affect the binding affinity of the filamin-binding proteins. This question becomes especially interesting in light of recent work that suggests that filamin can serve to trap a transcription factor (i.e. PEBP2/CBF) in the cytoplasm [79] , thereby regulating its action in the nucleus. If these results are confirmed, force-induced shifts in transcription factor binding could provide an elegant mechanism for mechanics to alter gene expression, which is known to occur in (filamin-expressing) mesenchymal stem cells in response to substrate stiffness [5] .
Mechanical regulation of a transcription factor has already been observed in a cardiomyocyte [80] , which is one type of mesenchymal cell. A prototypical kinase domain in the sarcomeric protein titin can be activated by cell contractility to bind a signaling complex which ultimately regulates a transcription factor that is well known to be regulated by the cytoskeleton -namely, serum response factor (SRF). Molecular dynamics calculations [81] and single-molecule AFM provide insight into a possible mechanism, suggesting that the kinase domain unfolds at lower force than individual Ig domains of titin [82] , although equation 2 would suggest some of titin's approximately 200 Ig domains are likely to unfold if the kinase domain unfolds. Mutations in the titin kinase domain interfere with the signaling pathway and lead to a hereditary muscle disease in humans [80] , which implicates force-controlled unfolding of this domain and perhaps also of some of titin's Ig domains in signaling and disease.
Another class of actin-binding proteins that has been relatively well studied also contains an actin-binding domain followed by a series of compact repeats, but, instead of the b-sheet Ig-like domains, these repeats consist predominantly of a-helical bundles. The spectrin superfamily of proteins with their triple-helical bundle domains is prototypical: a-actinins are the shortest isoforms and are found ubiquitously, while spectrins -originally isolated from red blood cell membranes -are generally found at all cell membranes and are well known to be essential for membrane stability. Additional members of the family include dystrophin, which links the contractile apparatus of striated muscle to ECM, and nesprins, which link the nuclear envelope to the actin cytoskeleton. Dystrophin deficiency is the major cause of muscular dystrophy, with symptoms emerging at a few years of age when mechanical stresses of growth become critical. Many proteins play mechanical roles in vivo, and a series of single-molecule experiments has been directed at understanding the molecular bases of these functions [83] [84] [85] [86] [87] . All spectrin family proteins tested thus far have been found to be remarkably labile, unfolding at forces of around 15-30 pN, even at the high loading rates typical in AFM experiments. Compared with b-sheet Ig-like domains, the force required to separate the helices of the spectrin bundles is relatively small and the helices themselves unfold easily because the hydrogen bonds holding them together are arranged in series in the direction of the applied force. In contrast, the bonds holding b-strands together are arranged in parallel and must be simultaneously sheared apart when the domains are pulled at their amino and carboxyl termini [88] . Given that proteins soften at higher temperatures [89, 90] , spectrin domains will unfold at even lower forces in vivo. In fact, an exhaustive study of the thermal stability of the domains of spectrin in humans found that several domains have melting temperatures of %37 C [91] ; most single-molecule experiments have been carried out at room temperature and will miss such effects. Strong effects of temperature (beyond k B T) and the stability of multiple serial versus parallel bonds are important to consider in future experiments with single molecules as well as in extrapolations to, or the direct study of, cellular structures.
Towards a Characterization of the Cellular 'Unfoldome' Despite the many insights obtained to date in vitro, the difficulty of determining whether any domains are indeed wholly or partly unfolded in either cells or ECM highlights a crucial deficit in our knowledge. New methods are therefore being developed to assess the conformational state of proteins in cells and thus extend the knowledge gained in vitro closer to the relevant physiological environment. However, even with the relatively small number of cases that have been examined in some detail so far, it is clear that there is no singular protein transition or master mechanical switch at the heart of cellular mechanical responses. Instead, we are probably at the early stages of discovering what will prove to be a wide variety of force-sensitive proteins and reactions.
In terms of signaling networks, we have just begun to identify the mechanosensitive nodes embedded in the cell's broader system of signaling pathways. A more complete characterization of the proteins that are unfolded either by external forces applied to cells or by the cell's own myosin-driven contractility and motility (e.g. [92] ) will help to guide efforts to understand the molecular basis of mechanotransduction. Just as the study of focal adhesions will progress by understanding the interactions in the adhesome, the study of mechanotransduction more generally will benefit from a more complete characterization of the cellular 'unfoldome' -the set of proteins that can be unfolded as part of their physiological function. Although the focus of this review is on cell mechanics and transduction mechanisms, the unfoldome concept can be extended more broadly to other processes that induce changes in protein conformation or quaternary structure, including heat shock and other pleiotropic perturbations. It is possible in principle to characterize the unfoldome using experiments designed to monitor the conformation of a single protein of interest, such as using antibodies against cryptic sites or using FRET, when the requisite doublelabeling is possible. For example, an antibody that recognized an extended conformation of p130Cas in vitro also bound preferentially to the cell periphery where forces are expected to be highest in spreading cells [58] . However, the time and effort required to develop an assay for every protein to be investigated seems unlikely to provide significant coverage of the unfoldome in the near future. Methods are therefore required to search for a wider variety of proteins whose conformations are sensitive to force.
Advances in mass-spectrometry-based proteomics have set the stage to develop a method to screen the conformational state of a large number of proteins in living cells [9] . The experimental scheme uses cysteine accessibility as a probe ( Figure 4A ): as a moderately hydrophobic amino acid, cysteines are often buried or partially buried within protein tertiary and/or quaternary structure and are thus not accessible to small molecules in the solvent. If a cysteinereactive fluorescent dye is introduced into cells, only those cysteines that are exposed at the protein surface will be labeled. If changes in conditions alter the conformational state of a protein with a buried cysteine, a difference in dye labeling will be detected. Thus, the spatial distribution of (A) Cysteine residues are either buried within a protein fold or interaction site or exposed on the protein surface. The surface sites are rapidly labeled with one color before perturbation, and the buried sites are then exposed and colored differently. This provides a ratiometric signal of unfolding and improves signal-to-noise ratio for exposed sites. (B) Addition of a membrane-permeable dye to adherent cells (in this case, mesenchymal stem cells) labels cysteine residues depending on cell state, and inhibition of myosin (here with blebbistatin) leads to significant differences in protein labeling. Proteins that remain folded or assembled upon relaxation show a site-specific decrease in cysteine accessibility that is pinpointed using mass spectrometry (adapted from [9] ).
unfolding can be monitored to some extent in cells using standard fluorescence microscopy. More importantly, mass spectrometry of tryptic fragments from cell lysates can identify not only the proteins that show a change in conformation, but even the precise cysteines that are exposed, so that force-sensitive domains can be mapped within proteins. When applied to the simplest possible cell, a red blood cell, this 'Cys shotgun' approach identified six spectrin repeats that unfolded in response to physiological shear stress. Many sites in spectrin showed no change, and other membrane skeleton proteins, such as actin and ankyrin, also showed no detectable change. The Cys shotgun technique can also be applied to adherent cells. Some proteins that unfold in response to cell-generated tension are expected to refold when that tension is released (Figure 4B) , for example following treatment with blebbistatin, a non-muscle myosin II inhibitor that had been shown not only to suppress cell tension but also to inhibit stem-cell differentiation (Figure 1 ). Cys shotgun labeling of mesenchymal stem cells attached to collagen-coated substrates in the presence or absence of blebbistatin gave a number of differential 'hits' that included non-muscle myosin IIa (consistent with drug treatment preventing a conformational change in force generation), filamin, and the intermediate filament protein vimentin. Similar mass spectrometry results were obtained with embryonic cardiomyocytes that were labeled while beating spontaneously on a soft, heart-like matrix or while static on a non-physiologically rigid matrix [93] .
These initial studies serve as a proof-of-principle for Cys shotgun labeling of the unfoldome in cells and demonstrate the possibility of taking a proteomic-based approach for the identification of protein conformational changes associated with a wide range of microenvironments or drug treatments. It will be important to explore mechanically perturbed proteins in other adherent cell types and to examine cell responses to changes in applied strain. Cys shotgun investigations will also suggest promising targets and domains for more detailed study by other approaches. In combination with phosphorylation networks, which are now widely studied by mass spectrometry, the approach is poised to clarify the breadth of interplay between molecular mechanics and signaling networks.
Conclusions
A wealth of information has been gained from in vitro studies of the behavior of proteins and other macromolecules subjected to force. Some of the distended conformations already seem to have functional consequences, ranging from the regulation of matrix assembly and cell adhesion to cytoskeleton dynamics. Proximal effects of mechanics also have ramifications for more complex cell processes that require changes in gene expression, because these changes in protein conformation couple into other signaling pathways that can have a broad range of downstream effects. Despite some successes in identifying proteins involved in mechanosensation and obtaining an increased understanding of their mechanism of action, it seems likely that there are many more such proteins to be discovered. This search will probably be aided by methods that can broadly pinpoint relevant conformational changes amidst the complex background of mechanically silent cytosolic and cytoskeletal proteinsrecognizing that there is no single cellular mechanosensor.
Ultimately, a diverse network of proteins will likely respond in specific ways to different mechanical cues, such as matrix stiffness, applied force, and fluid flow. As hinted at by the species differences in filamin, a variety of sensing mechanisms might reflect the importance of mechanical homeostasis in the evolution of larger multicellular organisms. New perspectives on human diseases -beyond heart disease [94] , muscular dystrophy, and cancer [6] -are readily anticipated.
